Translational research depends on the relevance of animal models and how well they replicate human disease. Here, we investigated plasma levels of three important pro-inflammatory cytokines (TNFa, IL-6, and MCP-1), known to be elevated in human pulmonary arterial hypertension (PAH), and systematically assessed their levels in PAH patients compared to five different rodent models of pulmonary hypertension (PH). A consistent immunoassay platform (Luminex xMAP) and source (Millipore) was used to measure all specimens. PAH patients (n ¼ 29) exhibited significant elevations in all three cytokines (median [IQR] . In contrast, mice with PH established after three weeks of hypoxia (n ¼ 18) or SU5416 plus hypoxia (n ¼ 20) showed no significant change in their plasma cytokine levels versus controls (n ¼ 16), based on three to four independent experiments per group. Similarly, plasma cytokine levels were not elevated in rats with PH established three weeks after monocrotaline (n ¼ 23), eight weeks after SU5416 alone (n ¼ 10) or six to eight weeks after SU5416 plus hypoxia (n ¼ 21) versus controls (n ¼ 36 rats), based on three to eight independent experiments per group. Positive biologic control specimens from sepsis patients (n ¼ 9), cecal-ligation and puncture (CLP)-induced septic mice (n ¼ 6), and lipopolysaccharide-induced septic rats (n ¼ 4) showed robust elevations in all three cytokines. This study suggests that animal models commonly used for the development of novel diagnostic and therapeutic approaches for PAH may have limited construct validity with respect to markers of systemic immune activation seen in human patients.
Introduction
Preclinical research, facilitated by animal models, is critical for interrogating the biology of human disease. In the study of pulmonary hypertension (PH), a number of different rodent models 1 have been commonly used including rats or mice exposed to monocrotaline (MCT). These animal models recapitulate some, but not all, of the most salient pathophysiologic features observed in patients with pulmonary arterial hypertension (PAH), such as elevated pulmonary hemodynamics and vascular remodeling. Recently, newer models have been developed that reproduce the complex arterial remodeling that is thought to contribute to vascular obliteration and progressive increases in pulmonary vascular resistance in human patients, in particular, SU5416 plus chronic hypoxia, or SU5416 alone in specific rat strains. 2 However, it remains unclear whether, and to what extent, the underlying pathobiological and molecular changes that contribute to PAH in humans can be faithfully reproduced in these various animal models.
In particular, there is increasing clinical and experimental evidence to support inflammation as an important factor contributing to the development and/or progression of PAH. 3 Several independent clinical studies of idiopathic PAH (IPAH) have demonstrated significant elevations in the plasma/serum levels of the pro-inflammatory cytokines TNF-a, IL-6, and MCP-1, [4] [5] [6] [7] which in some cases have been shown to predict mortality. 6, 7 Targeted overexpression and knock-out models have also suggested that IL-6 plays a causal role in PH in transgenic mice. [8] [9] [10] Nevertheless, there remains limited information on how the circulating levels of these cytokines change in response to experimentally induced PH in animal models.
In this study, we investigated whether alterations in systemic levels of pro-inflammatory cytokines were comparable between PAH patients and five of the most common rodent models. To minimize spurious correlations, we focused on three specific cytokines, TNF-a, IL-6, and MCP-1, that have been independently validated in one or more previous patient studies, [4] [5] [6] [7] and used plasma levels as a practical readout to facilitate direct comparisons between human and rodent PH. Construct validity is a prerequisite for successful translation of novel diagnostic and therapeutic strategies from bench to bedside. This study offers novel insight into the relevance of current experimental PH models for human disease with respect to systemic inflammation, and may help to inform new model development and/or guide strategic fit-for-purpose application of current models.
Methods

Inclusion/Exclusion criteria for patients and control participants
Peripheral blood samples from PAH patients and healthy participants were obtained with written informed consent during 2011-2014 at a single center. All methods were conducted in accordance with protocols, guidelines, and regulations approved by the Ottawa Hospital Research Ethics Board (#2011470-01H). PAH patients were outpatients with a clinical diagnosis of PAH (either idiopathic or associated) and able to provide free and informed consent. Associated PAH (APAH) included participants with congenital heart disease or scleroderma. Healthy participants were non-smokers (or had quit smoking ! 6 months prior to screening) and had no history of diabetes mellitus requiring medication (oral hypoglycemics or insulin), systemic hypertension requiring medication, hypercholesterolemia requiring medication, chronic asthma or chronic obstructive pulmonary disorders, scarring or fibrosis of the lung, or cancer in the previous five years (excluding superficial skin cancer). Peripheral blood samples from sepsis patients were obtained with informed written consent in 2009 in accordance with protocols, guidelines, and regulations approved by the respective research ethics boards in the multi-center Fluid Resuscitation with 5% Albumin versus Normal Saline in Early Septic Shock (PRECISE) pilot trial. 11 Inclusion/exclusion criteria for these patients are as described previously.
11
Human plasma isolation
Peripheral blood from PAH and healthy volunteers was first drawn into a 3 mL SST tube, which was subsequently discarded to eliminate blood that contacted tissue during venipuncture. Blood was drawn into Becton-Dickinson (BD) vacutainer (sodium citrate) tubes, and centrifuged at 200 Â g for 15 min (4 C). The upper plasma phase was transferred into fresh microfuge tubes, and centrifuged twice at 11 000 Â g for 2 min (4 C) to remove residual cells/platelets/ cell debris, with transfer of the plasma supernatant into fresh microfuge tubes between each spin. Plasma was stored at À80 C. Peripheral blood from sepsis patients was initially drawn into BD vacutainers (sodium citrate), then transferred into a second vessel supplemented with sterile benzamidine (20 mM final concentration), and centrifuged at 1700 Â g for 10 min (4 C). The upper plasma fraction was carefully removed (to within 0.2 mL of the plasma-cell interface) and transferred into cryo tubes for storage at À80
C.
Animal models
All animal procedures were approved by the University of Ottawa's Animal Care Ethics Committee and complied with the principles and guidelines of the Canadian Council on Animal Care. Right ventricular systolic pressure (RVSP) was measured using a pressure catheter transducer and readings were determined by observing sequential pressure loops recorded on LabScribe2 software (Transonic Scisense, Inc. A ventral midline incision ($1 cm) was made to allow exteriorization of the cecum. The cecum was ligated 1 cm from the apex with 3-0 silk suture and penetrated through-andthrough with a 22-gauge needle. The abdominal incision was then closed in two layers with 4-0 nylon suture and then staples. Sham surgery, in which the cecum was exteriorized and manipulated as described but not ligated or punctured, was performed in control animals. Immediately after surgery, animals were fluid resuscitated with 50 mL/kg saline injected subcutaneously. Animals were euthanized at 12 h and 24 h post surgery to collect plasma.
Animal plasma isolation
Rat and mouse blood was drawn from the inferior vena cava into syringe's containing 50 mM EDTA (pH 8.0) at one-tenth the final volume of drawn blood, which was subsequently centrifuged at 1700 Â g for 10 min at 4 C. The upper plasma phase was transferred to a fresh microfuge tube (with care taken not to disturb the lower cell phase), centrifuged again at 11 000 x g for 2 min (4 C), followed by transfer of the supernatant into fresh tubes prior to storage at À80 C.
Cytokine measurements
Cytokine levels in humans, rats, and mice were measured in a fixed volume of plasma (25 mL) using Luminex xMAP technology with the Milliplex brand of magnetic-bead fluorescent immunoassays (Millipore EMD) specific for each species, according to manufacturer's instructions. The ProcartaPlex brand of Luminex xMAP magnetic-bead fluorescent immunoassays (Affymetrix) was also used to validate cytokine levels in select rat plasma specimens. All assays were run on a Bioplex 200 system (Biorad). Data were fit to a seven-point standard curve generated using fiveparameter logistic regression with Bioplex manager software. Extrapolated values were used for samples that exhibited fluorescent signals above background (i.e., above blank samples) but below the standard curve range. Samples that were below the standard curve range and below background levels of fluorescence were set to the lowest extrapolated value observed among all samples in a given assay run, or the manufacturer defined minimum detectable concentration, whichever was lower. Immunoassays were confirmed to work within manufacturer's specifications, evidenced by positive internal quality control standards run in parallel with biologic samples. All human and animal plasma samples were limited to one to two freezethaw cycles at the time of measurement (except sepsis plasma with two to four freeze-thaw cycles). Statistical tests were performed with Graphpad Prism V7.0, and are reported in the figure legends.
Results
Plasma levels of TNF-a, IL-6, and MCP-1 are elevated in PAH patients
Demographic and clinical characteristics of patients are presented in Table 1 . The plasma levels of TNF-a, IL-6 and MCP-1 were significantly elevated in PAH patients versus healthy control participants (Fig. 1a , Table 1 ). The change in median cytokine levels in PAH patients ranged from 1.4 (MCP-1) to 5.2 (IL-6) fold above basal levels in healthy participants, which is consistent with levels reported previously in IPAH. [4] [5] [6] [7] As a positive control and comparator, median cytokine levels in patients with a prototypical inflammatory condition such as sepsis ranged from 9.4 (MCP-1) to 356 (IL-6) fold above basal levels (Fig. 1a , Table 1 ). Plasma cytokine levels were also assessed after stratification of participants by type of PAH and sex, to facilitate comparison with the animal models, most of which are used as preclinical models of IPAH and typically conducted with male animals. When PAH participants were divided into idiopathic (n ¼ 13) and associated (n ¼ 16) forms of the disease, TNF-a and IL-6 remained significantly elevated in both groups of PAH patients compared to controls (Fig. 1b) . MCP-1 was significantly increased in the APAH group, but did not quite reach statistical significance in the IPAH group. When participants were stratified according to sex, TNFa levels were significantly elevated in both female and male PAH patients, IL-6 was only significantly elevated in males (though a non-significant trend toward higher levels was observed in female patients), and MCP-1 was only significantly increased in female patients (Fig. 1c) .
Plasma levels of TNF-a, IL-6, and MCP-1 are not elevated in two different mouse models of PH Plasma cytokine levels were assessed in mice after three weeks of chronic hypoxia with and without SU5416, and in mice 12-24 h following CLP to induce sepsis as a positive control (Fig. 2a) . The development of PH was confirmed in both PH models just before plasma sampling, as evidenced by significant increases in right ventricular systolic pressure (RVSP) and the right ventricle (RV) to left ventricle plus septum (LV þ S) weight ratio (Fig. 2b) . TNF-a, IL-6, and MCP-1 plasma levels were not significantly elevated in either PH mouse model versus controls (Fig. 2c) . However, mice with experimental sepsis exhibited significant increases in median plasma levels of TNF-a (23-fold), MCP-1 (88-fold), and IL-6 (8795-fold) (all P < 0.0001 versus controls, Fig. 2c) , consistent with the marked elevations observed in sepsis patients.
Plasma levels of TNF-a, IL-6, and MCP-1 are not elevated in three different rat models of PH Plasma cytokine levels were evaluated in three different rat models of PH including MCT rats three weeks after exposure, SU5416 plus chronic hypoxia (SuHx) rats eight weeks after exposure, and SU5146 alone (Su) rats eight weeks after exposure (Fig. 3a) . The establishment of PH was verified in all three models, which showed significant elevations in RVSP and RV/(LV þ S) ranging from 67 AE 4 mmHg and 0.36 AE 0.02 weight ratio in the MCT model to 98 AE 8 mmHg and 0.7 AE 0.02 weight ratio in the Su model (versus control group 28 AE 0.3 mmHg and 0.25 AE 0.006 fulton index) (Fig. 3b) . Plasma levels of TNF-a, IL-6, and MCP-1 were not significantly elevated in any of the rat models (Fig. 3c) . The only change in plasma cytokine levels was a modest (1.7-fold) decrease in MCP-1 levels observed in rats with MCT-induced PH.
Archived plasma specimens show no evidence of cytokine degradation
Since prolonged storage of plasma specimens can potentially lead to some level of cytokine degradation, 12 we analyzed the age of the plasma specimens used in this study to facilitate robust data interpretation. For perspective, a previous study using purposefully designed cytokine stability experiments has shown that more than 50% of IL-6 and TNF-a plasma levels remain detectable even after four years of storage at À80 C. 12 By comparison, the majority of plasma specimens in the current study were aged under three years at the time of cytokine measurement (Fig. 4a) , minimizing the likelihood of false-negative results. Moreover, specimen age was generally similar between the human (mean AE SD; 2.2 AE 1.8 years, n ¼ 58), rat (2.7 AE 0.6 years, n ¼ 62), and mouse samples (2.4 AE 0.7 years, n ¼ 62). The oldest samples, representing sepsis patients, were aged 4.9-5.6 years and still exhibited among the highest cytokine levels measured in the study. Specimen age was also represented relatively evenly between control and disease groups (Fig. 4a) . Thus, any potential cytokine degradation owing to the age of samples would likely be reflected systematically in both groups, limiting false-positive differential effects. Importantly, no significant negative correlation between cytokine level and specimen age was observed in the human (Fig. 4b), mouse (Fig. 4c) , or rat (Fig. 4d) samples.
Validation experiments limit potential false-negative results due to specimen age or assay sensitivity Several lines of evidence argue against the likelihood of false-negative results in our initial assessment of archived plasma specimens. Nevertheless, this potential limitation 
sepsis patients (n ¼ 9). (b) Plasma cytokine levels stratified according to IPAH (n ¼ 13) and APAH (n ¼ 16). (c) Cytokine changes between
Ctrl and PAH participants are also shown stratified by sex (female n ¼ 14 Ctrl, n ¼ 19 PAH; male n ¼ 6 Ctrl, n ¼ 10 PAH). Boxplots denote median and interquartile range, and whiskers denote min/max values. Individual participants are shown as circles. Axes are split on graphs to show distribution of data. Statistical significance of cytokine changes was determined by non-parametric Kruskal-Wallis with Dunn's multiple comparison test for three or more groups, and Mann-Whitney test for two groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus Ctrl group.
was addressed further in two rat models by evaluating cytokine levels (1) in substantially newer plasma samples, (2) using a more sensitive immunoassay, and (3) in parallel with a new biologic positive control, based on rats with sepsis caused by exposure to the bacterial endotoxin, LPS. We focused on the MCT and SuHx rat models because these represent the two most commonly used rat models of IPAH (Fig. 5a ). All plasma specimens from this new set of experiments were aged less than four months at the time of cytokine measurement (Fig. 5b) . In addition, we used the ProcartaPlex brand (Affymetrix) of Luminexbased immunoassays that offered a lower cytokine detection limit compared to the Milliplex assays (Millipore) used in our original experiments (Fig. 5c ). Significant elevations in pulmonary hemodynamics and RV hypertrophy, indicative of PH development, were confirmed in rats three weeks after MCT and six weeks after SuHx (Fig. 5d) . Consistent with previous results, the plasma levels of TNF-a, IL-6, and MCP-1 were not significantly elevated in either rat PH model. The only significant change was a decrease in MCP-1 levels in MCT rats (consistent with prior observations, Fig. 3c ). In addition, positive control plasma specimens from LPS-exposed rats exhibited significant increases in all three cytokines (Fig. 5e) . Of note, MCP-1 levels were systematically higher in the validation experiment compared to the original set of experiments presented in Fig. 3 ; however, this can be attributed to assay-specific variability rather than the difference in specimen age, as evidenced by further evaluation of the Milliplex and ProcartaPlex assays with identical plasma samples ( Supplementary Fig. 1 ).
Discussion
In this study, we investigated whether circulating levels of the pro-inflammatory cytokines TNF-a, IL-6, and MCP-1, were concordantly altered in PAH patients and five of the most common rodent models of PH. Our results showed that in PAH patients, plasma levels of TNF-a, IL-6, and MCP-1 were significantly elevated; however, these changes were not reproduced in common rodent models including three different rat models induced by either MCT, SU5416/ hypoxia, or SU5416 alone, and two different mouse models induced by either hypoxia or SU5416/hypoxia.
Our finding that the plasma levels of TNF-a, IL-6, and MCP-1 were significantly elevated in PAH patients but not in rodent models is supported by several lines of evidence. First, the increase in plasma cytokine levels observed in PAH patients in this study is consistent with results from several previous independent studies. [4] [5] [6] [7] Second, reproducibility of the results from our animal experiments are supported by relatively large sample sizes, and a total of at least three independent experiments per exposure group in each model. Third, commercially validated immunoassays were used to quantify cytokine levels, and their performance was supported not only by internal quality control standards (provided by the manufacturer), but also by external biologic positive controls representing a prototypical inflammatory condition such as sepsis. These biologic comparators showed concordant and very robust elevations in all three cytokines in plasma (ranging from $ 1-3 orders of magnitude) across sepsis patients, mice with CLP-induced sepsis, and rats with LPS-induced sepsis. Finally, technical variables such as specimen age (while difficult to control in archived retrospective specimens) were generally quite similar between human, mouse, and rat samples, and the same type and source of immunoassay platform was used consistently for all cytokine measurements. Furthermore, key findings were validated in two rat models using relatively new plasma specimens, and a second immunoassay with a superior detection limit.
The difference in plasma cytokine alterations observed between clinical and experimental forms of PH may reflect underlying differences in the mechanisms of disease activity, or could potentially be due to fundamental epigenetic/ genetic differences between humans and animals. Indeed, there is increasing evidence that the molecular regulation of disease in animal models may differ from human PH, 13 and this may extend more generally to other human diseases. 14 Seok et al. previously reported that the genomic response to various acute inflammatory stresses in humans correlated poorly with corresponding mouse models, based on transcriptional profiling of total blood leukocytes. 14 These authors suggested that the differences could be attributed to multiple considerations including the evolutional distance between mice and humans, the complexity of human disease compared to relatively simple models based on single mechanisms, and the inbred nature of the mouse model. Of note, another consideration in our study was that males were used exclusively in the animal models, whereas both women and men were included in the patient cohort ($2:1 ratio). However, when cytokine levels were assessed in only male patients, two of three cytokines remained significantly elevated, suggesting that sex-specific effects were not a Fig. 3 . Plasma cytokine levels in rat models of PH. (a) Schematic overview of experimental timelines used for three different rat models. PH was induced in rats by either MCT (n ¼ 15 rats from two independent experiments), SU5416 alone (Su; n ¼ 10 rats from four independent experiments) or in combination with three weeks of hypoxia (SuHx; n ¼ 9 rats from two independent experiments), and compared to controls (Ctrl; n ¼ 28 rats from six independent experiments) after weeks 3 or 8. major determinant in the different results between patients and animal models. Another possible explanation for the discordant outcomes, which was not specifically assessed in this study, is dynamic spatio-temporal regulation of cytokine levels. For instance, pulmonary transcript levels of IL-6 in mice have previously been reported to peak after just two days of hypoxia, and return to baseline levels within one week. 8 Nevertheless, our finding that plasma levels of TNF-a, IL-6, and MCP1 were not elevated in animals with established PH suggests that current models might induce only transient and/or possibly more lung-specific changes in inflammatory cytokine levels, which contrasts with the chronic systemic inflammation suggested by the plasma cytokine profile in PAH patients. This represents a One limitation of this study is that the inflammatory phenotype of PAH patients and animal models was assessed only in the context of circulating cytokines, and therefore does not provide direct insight into other important inflammatory mechanisms, such as inflammatory cell infiltrates in lung tissue. However, plasma cytokine levels provided a very practical readout to quantify inflammation consistently and robustly across a large number of archived specimens, and circumvented the difficulty in obtaining relevant lung tissue specimens from patients (which were not available). Another limitation is that plasma cytokine levels were not assessed serially over time. Thus, we cannot discount the possibility that systemic cytokine levels may increase earlier (or later) in the time course of experimental PH in the various animal models that were investigated. Our experiments, however, were designed based on common experimental endpoints when PH is clearly established in these models. In addition, among the five different models that were examined, cytokine levels were assessed from three to eight weeks after the initial PH insult, providing insight on cytokine changes associated with various levels of disease severity, including a broad range of physiologic derangements in pulmonary hemodynamic and RV remodeling (i.e., RVSP range $40-100 mmHg and Fulton index range $0.35-0.7).
Our demonstration of a marked discrepancy between the circulating inflammatory cytokine profiles of PAH patients and five different animal models provides insight into limitations that should be considered when gauging the translational value of different experimental models. However, identification of such limitations represents an important step toward informing the development of new models that not only replicate the characteristic abnormalities in pulmonary structure and function of human PH, but also the underlying molecular perturbations that may contribute to disease activity. Previous patient studies have also highlighted the potential utility of plasma cytokines as biomarkers to help guide clinical decisions in PAH. Thus, another important question addressed by this study is whether these biomarker candidates, could likewise be used as a practical readout to facilitate preclinical studies, such as for monitoring the anti-inflammatory effects of new drug candidates. However, we now know that plasma levels of TNF-a, IL-6, and MCP-1 would likely not be effective biomarkers in these animal models, since levels appeared to be unaffected even in models of severe PH. Of note, while no increase in the plasma levels of these pro-inflammatory cytokines was observed across five distinct animal models, these data do not diminish the importance of inflammation in the pulmonary vasculopathy of experimental PH demonstrated previously. [8] [9] [10] Instead, this study offers a broader perspective on the potential context-dependent roles of inflammation in PH, and contributes toward a stronger conceptual framework to better understand the translational value of preclinical animal experiments.
